The validit,, of some of the simplifying assumptions in a conceptual ,,_ater balance model is investigated b,, comparing simulation results from the conceptual model with simulation results from a three-dimensional physically based numerical model and vdth field observations. We examine, in particular, assumptions and simplilications related to water table d,,namics, vertical soil moisture and pressure head distributions+ and subsurface flow contributions to stream discharge. The conceptual model relies on a topographic index to predict saturation excess runoff" and on Philip's infiltration equation to predict infiltration excess runoff. The numerical model solves the three-dimensional Richards equation describing flow in variably saturated porous media, and handles seepage face boundaries, infiltration excess and saturation excess runoff production, and soil driven and atmosphere driven surface fluxes. The study catchments (a 7.2-km 2 catchment and a 0.64-km z subcatchment) are located in the North Appalachian ridge and valley region of eastern Pennsylvania. Hydrologic data collected during the M+*CHYDRO 90 field experiment are used to calibrate the models and to evaluate simulation results. It is found that water table dynamics as predicted by the conceptual model are close to the observations in a shallow water well and therefore, that a linear relationship between a topographic index and the local water table depth is found to be a reasonable assumption for catchment scale modeling. However, the hydraulic equilibrium assumption is not valid for the upper 100 cm layer of the unsaturated zone and a conceptual model that incorporates a root zone is suggested.
Furthermore. theoretical subsurface flow characteristics from the conceptual model are found to be different from field observations, numerical simulation results, and theoretical baseflow recession characteristics based on Boussinesq's groundwater equation. 
I. INTRODUCTION
where Ss is the specific storage, m = 1 -l/n, _ _ (t#/tks) n, /3o =-/3(¢#0), _O s is a fitting parameter, and n can be interpreted as a pore size distribution index; g'0 is a continuity parameter which is calculated from (14) (5) and (6)) and the numerical model (equations (13) and (15)). Any discrepancy this may cause is minimized by fitting both sets of equations to the same field observations (see Table  1 ). Figure 2 demonstrates the nonlinear response to rainfall of the two basins during the experiment.
The initial storm response is almost negligible. The runoff production of the two basins during the last rainfall event is more pronounced and is dominated by the saturation excess mechanism.
Model Parameters
3.3.1.
Soils.
In WE-38 Mahantango Creek, 15 different soil types can be identified (Table 1) . From Table I it can be seen that the spatial distribution of 0s, 0,, +c (tbD, and B(n) can be neglected for catchment WE-38, and therefore for subcatchment WD-38 as well. The following parameter values are used to characterize the soil water retention properties in WE-38 and WD-38: 0s = 0.501, 0, = 0.015, _'c = 0.21 m, _ = 0.43 m,B = 0.211, andn = 1.29. The areal average value of saturated hydraulic conductivity at the surface /(,0 is 0.062 m/hour. However, this parameter varies considerably from 0.036 to 0.090 m/hour and therefore is explicitly taken into account in both models. We refer to Rogowski et al. [1974] and Loague and Freeze [1985] for a detailed soil map of both WE-38 and WD-38. The value of specific storage S s used in (13) and (14) at its potential rate throughout the simulation, in accordance with field observations.
3.3.2.
Topography. Catchment topography is represented by a 30 x 30 m U.S. Geological Survey digital elevation model (DEM). From this DEM the topographic index In (a/tan/3) can be determined for each grid square. Figure 3 shows the distribution of the topographic index in the two catchments.
Sivapa/an et al. [1987] used a threeparameter gamma distribution to model the topographic index:
where x = In (a/tan/3), _ is a shape parameter, X is a scale parameter, _ is a shift parameter, and F( ) represents the gamma function. The parameter values for (16) applied to the two catchments were estimated by the method of moments and are given in Table 2. 3.3.3.
Numerical parameters.
In the numerical model the vertical soil profile is discretized into six layers of thickness 5, 5, 12.5, 75, 127.5, and 275 cm, with the thinnest layers closest to the surface. This results in an impervious layer (the base of the catchment) at a depth of 5 m, running parallel to the land surface. The horizontal discretization is taken equal to the grid size in the digital elevation model, that is 30 m by 30 m. The spatial discrettzation of subcatchment WD-38 yields 3804 elements and 4935 nodes. The 
Equation 1191 can then be used to estimate :7 from observed base flow at the start of the simulation period.
To estimate the parameters in _19) and (20), a method for base flow analysis based on the following relationship is adopted: the observed slope is close to the theoretical slope of 1.5. Figure 4 shows a lower envelope with slope 1.5 that excludes Figure  4 (0.500 m3/s and 0.050 m3/s, respectively). Figure  6a , while the distribution at the end of the simulation period for the same catchment is given in Figure 6b . After the first 100-day period the distribution of the local water This aspect of the model is apparent in Figure  7a . Line 1 in Figure  7a shows the variation of areal Line 2 in Figure  7a shows the variation of areal average water Figure  7b with line 2 in Figure  7a we can see that the variation of areal average water showing stream (heaviIy shaded pixels) and location of the Iransect of fi_ur '_urfacc nodes sclcclcd i_r vcrlical protile oulput lun,,hadcd pixch,).
Soil Moist,re Profiles
The conceptual model calculates unsaturated zone storage capacity based on the hydraulic equilibrium assumption. This assumption also affects the local infiltration parameters needed in Philip's equation. Figure  9 shows simulated pressure head profiles produced by the numerical model for catchment WD-38. The locations of these vertical profiles in the catchment are those shown in Figure 8 . We can see that in the upper 1 m of the unsaturated zone the pressure head profiles are not consistent with the hydraulic equilibrium assumption.
This fact is detected for the pixels furthest from the stream where the water table is deepest.
Below l m depth the simulated profiles do not deviate significantly from hydraulic equilibrium.
Based on field evidence collected at the Mahantango
Creek watershed, Gburek [1977] concluded that variation in soil moisture is limited to the upper l m layer, and that below this depth soil moisture content remains nearly constant and near field capacity throughout the year.
These results suggest that we can improve the conceptual model by using two layers instead of one to model the unsaturated zone. 
Base Flow Recession Characteristics
The parameters a I and b_ of (22) in the case of an exponential subsurface saturated soil water store are given by
In contrast to observations for catchment WE-38 and subcatchment WD-38 ( Figure 4 ) and to Boussinesq's hydraulic groundwater theory (equations (23)), the predicted subsurface flow contributions from the conceptual model will yield a slope of 2 on a log (dQ/dt) versus log Q diagram (see line 2 in Figure 10 ). We believe that this is not an unreasonable slope value for characterizing base flow recession in steeper catchments,
where the influence of the hillslopes on groundwater flow is significant, at least during the initial stage of a recession period, and thus where Boussinesq's theory is not valid [Zecharias and Brutsaert, 1988] . For the catchments used in this study, however, topographic effects on base flow recession characteristics are negligible and base flow observations correspond to Boussinesq's groundwater equation and therefore give a slope close to 1.5 on the log (dQ/dt) versus log Q diagram. Figure  10_ during the drydown period in the simulation run for subcatchment WD-3g behave as predicted by Boussinesq's theory.
In fact, the results from the numerical model yield a slope of 1.57 in Figure  10 (line 1). Simplifying assumptions in the conceptual model concerning the spatial distribution and temporal evolution of water 
